Despite promising preclinical studies, neurotrophic factors have not yet achieved an established role in the treatment of human neurodegenerative diseases. One impediment has been the difficulty in providing these macromolecules in sufficient quantity and duration at affected sites. An alternative approach is to directly activate, by viral vector transduction, intracellular signaling pathways that mediate neurotrophic effects. We have evaluated this approach in dopamine neurons of the substantia nigra, neurons affected in Parkinson's disease, by adeno-associated virus 1 transduction with a gene encoding a myristoylated, constitutively active form of the oncoprotein Akt/PKB. Adeno-associated virus Myr-Akt has pronounced trophic effects on dopamine neurons of adult and aged mice, including increases in neuron size, phenotypic markers, and sprouting. Transduction confers almost complete protection against apoptotic cell death in a highly destructive neurotoxin model. Activation of intracellular neurotrophic signaling pathways by vector transfer is a feasible approach to neuroprotection and restorative treatment of neurodegenerative disease.
P
arkinson's disease (PD) is a major public health problem in the world, with an estimated 1,000,000 individuals affected in the United States alone (1) . It is a chronic, progressive neurodegenerative disorder that typically manifests with impairments of motor function, including tremor, rigidity, slowness of movement, and poor postural stability, attributable to the loss of dopamine (DA) neurons of the substantia nigra (SN) of the midbrain. These motor manifestations can be treated successfully for a limited period, either with drugs, which restore dopaminergic function, or more recently by deep brain stimulation. However, there is no treatment that forestalls deterioration attributable to progressive neurodegeneration.
For neurodegenerative diseases, one approach that has held promise for providing both neuroprotection and restoration is the administration of protein neurotrophic factors. In PD, substantial effort has been made to explore the possibility of providing neuroprotection and restoration by the intracerebral administration of glial cell line-derived neurotrophic factor (GDNF) (2) . A pilot study of intracerebral infusion of GDNF offered promise (3), but a subsequent, larger, double-blind trial failed to demonstrate benefit (4). Although there are many possible reasons for this discrepancy, it is likely that the technical difficulties inherent in reliably providing sufficient quantities of neurotrophic protein within brain parenchyma of affected regions plays a role. These technical constraints apply to the use of other neurotrophic factors in other neurodegenerative diseases as well (5) .
An alternative to delivering neurotrophic protein molecules within brain extracellular space is to directly activate the intracellular signaling pathways responsible for their effects. This activation is possible by viral vector approaches to transduction of neurons (6) . One such intracellular pathway utilizes the phosphatidylinositide 3Ј-OH kinase and Akt/PKB signaling cascade (7, 8) . In neurons, Akt activation has been identified in response to treatment with insulin-like growth factor 1 (9) , nerve growth factor (10) , and glial cell line-derived neurotrophic factor (11) . Akt signaling mediates two principal cellular responses to neurotrophic factors. It maintains viability through antiapoptotic effects [reviewed in Brunet et al. (12) ], and it mediates effects on axonal caliber, branching (13) , and regeneration (14) . Almost all of these observations, however, have been made in vitro, and it has not been known whether they generalize to the in vivo context, particularly in the central nervous system. We therefore have examined whether Akt mediates trophic effects on adult normal, neurotoxin-lesioned, and aged DA neurons of the SN by adeno-associated virus (AAV)-mediated transduction with a myristoylated (Myr), constitutively active form (15) .
Results

Expression of Endogenous Akt Isoforms in SN.
We examined expression of endogenous Akt mRNA and protein in the SN (Fig. 5 , which is published as supporting information on the PNAS web site). Of the three Akt isoforms, Akt1 mRNA was the most abundantly expressed in SN. At a regional level, Akt1 mRNA was most highly expressed in the SN pars compacta (SNpc), and, at a cellular level, it was expressed exclusively within neurons (data not shown). The same was true for the Akt2 and Akt3 isoforms. The developmental pattern of expression of Akt1 mRNA within SN differed from that observed in striatum and cortex, in that it was relatively sustained in adulthood, at levels 80% of those at postnatal day (PND) 2 (Fig. 5C ). In striatum and cortex, mRNA levels in adulthood were Ϸ40% of those at PND2. At the protein level, phospho-Akt(Ser-473) was detected within the SNpc and specifically within DA neurons (Fig. 5D ).
Trophic Effects of AAV Myr-Akt in Normal Adult Mice. Transduction of neurons of the SN of adult male mice with AAV Myr-Akt induced a 50% increase in nigral volume (Fig. 1A) . At a cellular level, for the SNpc, this increased regional volume was attributable, in part, to a 50% increase in neuron size (Fig. 1B) . There was, in addition, a 44% increase in the number of tyrosine hydroxylase (TH)-positive neurons (Fig. 1C) . We attribute this apparent increase in DA neuron number to an increased level of expression of TH, determined by Western blotting analysis (Fig.  1C) , and a resulting increase in detection by immunostaining, rather than an actual increase in the number of neurons, because counts of neuronal profiles in the SNpc, detected by NeuN immunostaining, were unchanged (Fig. 1C) . These morphologic changes were accompanied by changes in the levels of DA (137% increase above AAV GFP control), and its metabolites homovanillic acid (HVA) (148% increase) and 3,4-dihydroxyphenylacetic acid (DOPAC) (35% increase) (Fig. 6 , which is pub- A pseudocolor image of a coronal section through the striatum, processed for TH immunostaining at 7 weeks after intranigral AAV Myr-Akt injection, reveals higher density values (red-orange) in the striatum (STR) on the injected side. Higher-density values also are observed in the nucleus accumbens (NAcc) and olfactory tubercle (OT). (Center) An increase in the optical density of the striatal TH immunostaining is shown quantitatively as a 26% increase over values for the contralateral, noninjected striatum; this was a highly significant increase in comparison to AAV GFP-injected animals (P Ͻ 0.001, t test; n ϭ 6 animals for both groups). (Right) At a cellular level, this increase in optical density was attributable to an increase in the number and caliber of TH-positive fibers. (Bar: 50 m.) The regions shown in these micrographs are between the accumbens and olfactory tubercle on both sides of the section (indicated as black rectangles in Left). (B) These morphologic changes were accompanied by biochemical changes indicative of increased DA release in the striatum. There was an increase in both HVA (P Ͻ 0.001) and the HVA/DA ratio (P ϭ 0.002, ANOVA, AAV Myr-Akt-injected side compared with AAV GFP-injected side; n ϭ 6 animals in each group) (EXP, experimental, injected side; CON, control, noninjected side). (C) (Left) When AAV Myr-Akt-injected mice were administered amphetamine (5 mg/kg i.p.), they exhibited rotational behavior contraversive to the side of the vector injection. (Right) Contraversive rotations are plotted as negative net rotations. AAV GFP-injected mice did not demonstrate such behavior. lished as supporting information on the PNAS web site). The increase in neuron size was not confined to DA neurons. Nondopaminergic neurons of the SN pars reticulata also were increased by 76% (control, noninjected SNpr: 177 Ϯ 7 m 2 ; AAV Myr-Akt: 312 Ϯ 13 m 2 ; n ϭ 2 mice; 40 neurons total; P Ͻ 0.001).
These trophic effects at the level of DA neuron cell bodies were accompanied by effects in their axonal projections within the striatum. At 7 weeks after intranigral injection of AAV Myr-Akt, there was an increased density of TH-immunoreactive fibers within the ipsilateral striatum ( Fig. 2A) . At a cellular level, although some of this increase in staining density could be attributed to an induction of TH protein expression (Fig. 1C) , there also was a clear induction of fiber sprouting (Fig. 2 A) . In addition, the caliber of fibers was increased by 37% (contralateral control: 1.6 Ϯ 0.1 m; AAV Myr-Akt: 2.2 Ϯ 0.1 m; P Ͻ 0.001; paired t test; n ϭ 3 mice; 30 fibers in both control and Myr-Akt conditions) (Fig. 2 A) . There was increased striatal DA turnover ipsilateral to the side of the AAV Myr-Akt injection, reflected in higher levels of HVA (Fig. 2B ) and a higher HVA/DA ratio (Fig. 2B ). Although AAV Myr-Akt-injected mice showed no apparent behavioral motor asymmetries, they did show augmented contraversive rotations after amphetamine injection (Fig. 2C) , indicating that the sprouting of dopaminergic fibers within the striatum was accompanied by an increased functional capacity to release DA.
Neuroprotective Effects of AAV Myr-Akt in a Neurotoxin Model. In addition to these trophic effects, AAV Myr-Akt was protective in a neurotoxin model of PD. Injection three weeks before intrastriatal 6-hydroxydopamine (6OHDA) conferred near complete protection of DA neuron cell bodies. Although there was In mice given AAV GFP, TH-positive neuron numbers were reduced to 950 Ϯ 163 after 6OHDA injection, or 20% of the noninjected contralateral control (CON) (4,646 Ϯ 119). In mice given AAV Myr-Akt, neuron numbers were reduced to only 4,036 Ϯ 280, or 87% of the contralateral control (4,664 Ϯ 85). The difference between the AAV GFP and AAV Myr-Akt groups was highly significant (P Ͻ 0.001, ANOVA; n ϭ 6 animals GFP; n ϭ 7 animals Myr-Akt). (Right Lower) This protective effect of Myr-Akt on SNpc DA neurons was attributable to suppression of apoptosis as shown. The number of apoptotic profiles in the SNpc was reduced to 22% of the number observed in AAV GFP-treated mice (P ϭ 0.003, t test; n ϭ 7 animals AAV GFP; n ϭ 8 animals AAV Myr-Akt). (B) The neuroprotective effect of Myr-Akt was observed at the level of the striatal axonal projections as well. (Left) In control AAV GFP-injected mice, there is an almost complete loss of striatal TH-positive staining on the 6OHDA-injected side. In AAV Myr-Akt-injected mice, there is some loss of immunoperoxidase labeling in the dorsolateral quadrant of the injected striatum, but otherwise staining of TH fibers is preserved. The mice used for this analysis were the same as those used for the stereologic analysis in A. (Right) The protective effect of Myr-Akt on striatal TH-positive fibers is shown quantitatively as optical densities of TH staining. (C) The morphologic preservation of striatal dopaminergic fibers was accompanied by relative preservation of biochemical indices of dopaminergic terminals. At 4 weeks after 6OHDA, striatal DA levels in AAV Myr-Akt-treated mice were 19.8 Ϯ 4.2 ng per sample, a 3.4-fold increase over the mean value of 5.8 Ϯ 2.9 observed in AAV GFP-treated mice (P Ͻ 0.03; n ϭ 6 animals AAV GFP; n ϭ 8 animals AAV Myr-Akt) (data not shown). HVA levels were increased by 3-fold (data not shown). After lesions of the nigrostriatal dopaminergic projection, there is a compensatory increase in DA turnover, reflected in an increased HVA/DA ratio (16) . This effect was observed in AAV GFP-treated mice as an increase in the HVA/DA ratio from 0.13 Ϯ 0.01 in the nonlesioned striatum to 0.37 Ϯ 0.08 in the lesioned striatum (P ϭ 0.006). However, in the AAV Myr-Akt-treated mice, although there was a trend for this effect, it did not achieve significance. (D) To assess functionality of the nigrostriatal projection we examined apomorphine-induced rotations. After partial destruction of the dopaminergic projection, postsynaptic supersensitivity to direct-acting DA agonists, such as apomorphine, results in contraversive rotations (29) . Strong contraversive rotational behavior was observed in AAV GFP-treated mice after apomorphine injection (0.5 mg/kg) at 4 weeks after 6OHDA lesion. This contraversive rotational behavior was significantly diminished in mice treated with AAV Myr-Akt (AAV GFP, Ϫ431 Ϯ 29 net turns per 60 min; AAV Myr-Akt, Ϫ237 Ϯ 52; P ϭ 0.006, t test; n ϭ 7 animals GFP; n ϭ 6 animals Myr-Akt).
a trend for neuron loss on the 6OHDA-injected side (4,036 Ϯ 280 neurons per SN), it was not significantly different from the noninjected control side (4,664 Ϯ 86). This number of neurons represents a more than 4-fold increase over the surviving number in AAV GFP control-injected animals (950 Ϯ 163) (Fig.  3A) . Increased survival in DA neurons was attributed to a suppression of apoptotic death (Fig. 3A) .
Myr-Akt also provided protection against axonal loss. At 28 days after 6OHDA, striatal TH optical density levels were reduced only 26% in AAV Myr-Akt-treated mice, whereas they were reduced 74% in AAV GFP-injected controls (Fig. 3B ) (P Ͻ 0.05). This morphologic preservation of the dopaminergic striatal projection was accompanied by preservation of biochemical measures of DA and HVA (data not shown). In addition, although the 6OHDA lesion in AAV GFP control mice resulted in an increased rate of DA turnover, indicated by an increased HVA/DA ratio, as previously reported (16) , this effect was diminished in the AAV MyrAkt-injected mice (Fig. 3C) . This morphologic and biochemical preservation of striatal dopaminergic fibers was functionally significant, because it was associated with diminished apomorphineinduced contraversive rotations, which are attributable to dopaminergic denervation-induced receptor supersensitivity (Fig.  3D) . The preservation of striatal dopaminergic fibers was a lasting effect, because at 60 days after lesion, density levels were reduced only by 39% in Myr-Akt-treated animals, whereas in GFP controls, they were reduced by 83% (P Ͻ 0.001) (data not shown).
Although the above experiments demonstrate an ability of Myr-Akt to protect DA neuron cell bodies and axons when given before the neurotoxin, they do not test its effect in circumstances in which dopaminergic dysfunction occurs before therapeutic intervention, as is the clinical situation in PD. To assess Myr-Akt in a paradigm that better simulates the clinical context, we first administered 6OHDA intrastriatally and waited 3 weeks before intranigral injection of AAV Myr-Akt, at which time it is anticipated that Ϸ40-50% of SN DA neurons remain (Fig. 7 , which is published as supporting information on the PNAS web site). In this paradigm, the number of surviving TH-positive neurons at 7 weeks after AAV Myr-Akt injection was 50% of the contralateral control number, whereas the number in AAV GFP-injected controls was reduced to 14% (P Ͻ 0.001) (Fig. 7) . Striatal dopaminergic terminals also were relatively preserved in the Myr-Akt-treated group (Fig. 7) .
Trophic Effects of AAV Myr-Akt in Aged Mice. The principal risk factor for PD is increased age (17) , and atrophic changes occur in dopaminergic neurons with age (18) . We therefore sought to determine whether Myr-Akt has trophic effects on dopaminergic neurons of aged mice. In 22-month-old aged mice, Myr-Akt produced a 31% increase in the volume of the SN (Fig. 4A) . As in young mice, this effect for the SNpc was attributable, at least in part, to a 60% increase in average neuronal size (Fig. 4B) . There also was an increase in the number of TH-positive SN dopaminergic neurons (Fig. 4A) . These neuron size and number effects were not significantly different from those observed in young mice. Aged mice also demonstrated a sprouting response of dopaminergic axons in response to Myr-Akt (Fig. 4C) , a difference somewhat greater than that observed in young mice but not significantly. We conclude that for most measures, aged mice are as responsive to Myr-Akt as young mice are.
Discussion
These results demonstrate the feasibility of using viral vector transfer to induce trophic responses in normal adult and aged neurons of the central nervous system by direct activation of the intracellular pathways that mediate responses to extracellular neurotrophic molecules. We used an N-terminal Myr form of the survival signaling kinase Akt, which is constitutively targeted to plasma cell membrane and activated (15) . This form of Akt had multiple trophic effects on DA neurons of the SN, including (i) an increase in neuron size, (ii) an increase in the level of expression of TH, and (iii) a sprouting response in dopaminergic axons, associated with a functional behavioral correlate.
A number of these effects are in keeping with prior observations on phosphatidylinositide 3Ј-OH kinase and Akt signaling. Akt signaling previously has been shown to regulate cell size in pancreatic islet cells (19) and cardiac myocytes (20) . For neurons, it has been shown that null mutations in PTEN, a negative regulator of phosphatidylinositide 3Ј-OH kinase-Akt signaling, results in macrocephaly with an increase in neuron soma size (21) . Conversely, null mutation of the Akt3 isoform results in smaller brain size attributable to smaller cells (22) . However, all of these observations were made in mice with genetic alteration of the germ line, so that the induced mutations were operative throughout development. Our observations are the first to demonstrate the ability of Akt to regulate neuron size in the mature and even aged nervous system. Akt also has been demonstrated to regulate axonal growth. In culture, Akt expression modifies axon branching of peripheral sensory neurons (13) , and, in vivo, it regulates the rate of regeneration of peripheral motor nerves after axotomy (14) . We demonstrate here in the central nervous system that Akt also regulates axon sprouting in both adult and aged animals, either in the presence or absence of injury. In both contexts, induced sprouting results in functionally competent nerve endings, because in both normal and 6OHDA-lesioned animals, the Aktinduced increase in dopaminergic striatal innervation had behavioral correlates.
In addition to these trophic effects on normal adult and aged DA neurons, Myr-Akt also demonstrated an ability to block apoptosis in a potent neurotoxin model of parkinsonism, that induced by intrastriatal injection of 6OHDA. We selected this model for several reasons. First, 6OHDA is an endogenous metabolite of DA (23), having been detected in human caudate (24) . Thus, to the extent that oxidative metabolism of endogenous DA may play a role in human PD (reviewed in ref. 25 ), 6OHDA may model this process. Second, among models of PD associated with SN DA neuron death, intrastriatal 6OHDA has been demonstrated unequivocally to induce apoptosis (26) . Third, among PD models, the 6OHDA model is the most destructive, typically resulting in over 80% loss of SN DA neurons. And finally, in this model, SN DA neuron loss is progressive (27) , like the human disease. The suppression of apoptosis in this model afforded by Myr-Akt was both substantial and lasting, as indicated by an almost complete preservation of the population of SN DA neurons at 28 days after toxin injection. In this respect, Myr-Akt differs from a number of other neuroprotective approaches that suppress cell death in the acute injury period but do not offer increases in DA neuron survival in the long term (28) .
To better simulate the clinical setting, we assessed the effects of AAV Myr-Akt-injected at 3 weeks after 6OHDA, by which time Ϸ50% of DA neurons are lost (27) . There was a 50% survival of DA neurons, assessed 10 weeks after 6OHDA (Fig.  7) . Although our data are not directly comparable to those of Sauer and Oertel (27) , because of species differences, we estimate that in this paradigm AAV Myr-Akt provided substantial protection of remaining viable neurons. In contrast, AAV GFP-injected controls had only 14% neurons surviving at this time point, a near 4-fold reduction.
In addition to its ability to protect DA neuron cell bodies, AAV Myr-Akt also demonstrated an ability to preserve axonal projections, with preservation of both morphologic and biochemical indices of the dopaminergic projection. Function also was preserved as demonstrated by the reduction of apomorphine-induced rotations after 6OHDA. Apomorphine-induced rotations in the 6OHDA model are attributed to the development of postsynaptic DA receptor supersensitivity after disruption of the nigro-striatal projection (29) . Therefore, reduction of rotational behavior suggests that supersensitivity has been diminished by partial restoration of striatal DA release in the AAV Myr-Akt-treated animals. This ability of AAV Myr-Akt to preserve the dopaminergic axonal projection distinguishes it as a neuroprotective approach from many others based on blockade of apoptosis that preserves cell bodies but not axonal projections (30) .
The relatively sustained expression of Akt1 mRNA, the most abundant isoform in SN, into adulthood, and the marked trophic effects of constitutively active Akt on adult and aged DA neurons suggest the possibility that endogenous Akt may normally play a role in maintaining viability or functionality of these neurons. Such a possibility is of interest in relation to recent observations on DJ-1 (PARK7), in which loss-of-function mutations result in human PD (31) . DJ-1 has been shown in Drosophila to function as a suppressor of PTEN, a negative regulator of Akt signaling (32) . Consistent with these observations, inhibition of DJ-1A in Drosophila by RNA interference results in reduced phosphorylation of Akt and degeneration of DA neurons (33) . Thus, Akt signaling may be an important molecular mechanism in the pathogenesis of familial PD.
The ability of AAV Myr-Akt to provide neuroprotection in a potent neurotoxin model of PD, particularly its ability to preserve both dopaminergic cell bodies and axonal projections even when administered 3 weeks after the neurotoxin, suggests that it may provide a previously uncharacterized approach to gene therapy in PD. However, Akt is a potent oncogene, and although we did not observe neoplasia in any of the brains examined as long as 81 days after viral injection, it remains possible that chronic expression of a constitutively active form, particularly in nonneuronal brain cells, carries a risk of neoplastic transformation. Nevertheless, with the development of cell-specific expression systems for DA neurons, coupled to the neuronal tropism of AAV, it should be possible to explore the clinical use of Myr-Akt and other factors affecting its function for the treatment of PD.
Methods
Generation of a Recombinant AAV. A plasmid encoding a 5Ј src myristoylation signal in frame with mouse Akt1 was kindly provided by Thomas Franke (Columbia University) (34, 35) . (Detailed characterization can be found in Supporting Text, which is published as supporting information on the PNAS web site.) The Myr-Akt sequence was modified to incorporate a FLAG-encoding sequence at the 3Ј end and inserted into an AAV packaging construct as previously described (36) . The genomic titer of each virus ranged from 6.1 ϫ 10 12 to 1.2 ϫ 10 13 viral genomes per ml. Enhanced GFP was subcloned into the same viral backbone, and viral stocks were used at a titer of 4.6-9.1 ϫ 10 12 .
Experimental Animals. Adult (8-week-old) male C57BL/6 mice were obtained from Charles River Laboratories (Wilmington, MA). Aged male mice (22 months old) were obtained through the National Institute on Aging (Bethesda, MD). For studies of developmental expression of Akt, postnatal rats were used. All injection procedures, described below, were approved by the Columbia University Animal Care and Use Committee. Stereologic analysis was performed under blinded conditions on coded slides. For each animal, the SN on both sides of the brain was analyzed. For each section, the entire SN was identified as the region of interest. With StereoInvestigator software (MicroBright Field, Inc., Williston, VT), a fractionator probe was established for each section. The number of TH-positive neurons in each counting frame then was determined by the optical disector method (38) . Further methodologic detail is provided in Supporting Text.
Determination of the Number of Apoptotic Profiles Within the SN.
Apoptotic profiles were identified in the SN on T Himmunoperoxidase stained and thionin-counterstained sections as previously described (39) .
Measurement of SN and Striatal DA and Metabolites. These assays are described in Supporting Text.
Western Analysis of TH and the DA Transporter (DAT). These analyses are described in Supporting Text.
Behavioral Analysis. Amphetamine-induced rotational behavior in nonlesioned mice was tested at 7 weeks after the viral injection. Mice were injected with amphetamine (5 mg/kg i.p.) (SigmaAldrich, St. Louis, MO) and placed free roaming in a plastic hemispherical bowl with a diameter of 26.5 cm. They were allowed to habituate to their environment for 15 min, and then contralateral and ipsilateral turns were counted for 60 min. Results are expressed as net turns per 60 min. Apomorphineinduced rotational behavior was assessed at 4 weeks after lesion. Mice received a s.c. dose of apomorphine (0.5 mg/kg) (Sigma-RBI, Natick, MA), and rotations were monitored by using the same experimental setup as for amphetamine-induced rotation.
Northern and in Situ Hybridization Analysis of Akt Isoforms During
Development. These analyses are described in Supporting Text.
Statistical Methods. Multiple comparisons among groups were performed by one-way analysis of variance and Tukey post hoc analyses.
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